Thin fully strained Si 1−x Ge x / Si 1−x−y Ge x C y / Si 1−x Ge x heterostructures ͑x = 0.2͒, with controlled C incorporation sites, were grown on Si substrates using ultrahigh vacuum chemical vapor deposition. Following the growth, layers were relaxed using rapid thermal annealing at 1000°C for 30 s, and high degrees of relaxation of 65% and 59% were achieved with and without interstitial C, respectively. We show that the difference in cross hatch density and step height between two samples, which correspond to different misfit dislocation pileup behaviors, suggests controllability of SiGe relaxation via variation in C incorporation sites in the SiGeC layer. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3040308͔ Group IV heteroepitaxial layers on Si substrates have attracted attention due to their potential for device applications and their compatibility with Si-based technologies. Especially, a strained Si layer grown on a relaxed SiGe virtual substrate is a promising candidate for device fabrication since a strained Si layer provides higher electron and hole mobility.
Group IV heteroepitaxial layers on Si substrates have attracted attention due to their potential for device applications and their compatibility with Si-based technologies. Especially, a strained Si layer grown on a relaxed SiGe virtual substrate is a promising candidate for device fabrication since a strained Si layer provides higher electron and hole mobility.
1, 2 In order to utilize a relaxed SiGe layer as a virtual substrate, many factors such as crystalline quality, surface morphology, dislocation density, and degree of relaxation should be considered. There have been various attempts to obtain high quality relaxed SiGe layers. Most of them are based on the conventional method where thick compositionally graded buffer layers are used. [3] [4] [5] However, compositionally graded buffer layers require micrometerrange thick buffer layers and occasionally chemicalmechanical polishing processes for a smooth surface 5 since the high rate of compositional grading and/or high final Ge concentrations lead to rough surfaces.
Recently, Delhougne et al. 6 showed that smooth and highly relaxed SiGe layers can be obtained by inserting a thin SiGeC layer between SiGe layers and by subsequent annealing. They speculated that the substitutional C in the SiGeC layer reduces the critical energy for dislocation nucleation by inducing local lattice deformation. 7 Caymax et al. 8 indicated concretely that SiC precipitation in the SiGeC intermediate layer operates the modified Frank-Read ͑MFR͒ mechanism 9 by fixing dislocation. However, direct evidences were not provided, and the mechanism of enhanced degree of relaxation is still not clear.
In this paper, we discuss the results of experiments designed to clarify the effect of C incorporation sites ͑substitu-tional versus interstitial͒ on the strain relaxation of the SiGe/ SiGeC/SiGe heterostructure. We grew fully strained heterostructures with SiGeC layers by ultrahigh vacuum chemical vapor deposition ͑UHV-CVD͒ and relaxed the layers by postdeposition annealing. In order to investigate the effect of the C incorporation site on the relaxation behavior of SiGe layers, two different growth conditions of the SiGeC intermediate layer were used by changing the growth temperature. The differences in degree of strain relaxation and surface morphology were analyzed.
Si 1−x Ge x / Si 1−x−y Ge x C y / Si 1−x Ge x heterostructures with total thicknesses of 180 nm were grown on 10-cm-diameter B doped Si͑001͒ wafers ͑resistivity=1-10 ⍀ cm͒, as shown in Fig. 1 , in a cold-wall UHV-CVD system with base pressure of 1 ϫ 10 −9 Torr. 10 Epitaxial Si 0.79 Ge 0.21 layers were grown at 420°C using Si 2 H 6 and GeH 4 , each diluted in He and H 2 as Si and Ge source gases, respectively. SiGeC intermediate layers were grown at 400 and 420°C using SiH 3 CH 3 as a C source. Other conditions for the SiGeC growth were kept constant as those for the SiGe growth. A 200-nm-thick Si 0.79 Ge 0.21 layer was grown as a reference sample to identify the effect of the SiGeC intermediate layer.
Reactor pressures were 1.5 and 2.0 mTorr during the growth of SiGe and intermediate SiGeC layers, respectively. Fully strained heterostructures and the reference SiGe layer were all annealed at 1000°C for 30 s using rapid thermal annealing ͑RTA͒ to avoid strain-induced roughening.
11
Thickness of heterostructures, Ge and C contents, and degree of relaxations were determined by high-resolution x-ray diffraction ͑HR-XRD͒ using a Bede Scientific Instruments D 3 system with Cu K␣ 1 radiation and a beam divergence angle less than 12 arc sec. Residual strain and thus the degree of layer relaxation R are also confirmed by highresolution reciprocal lattice maps ͑HR-RLMs͒ obtained using a Pananalytic X'pert diffractometer with Cu K␣ 1 radiaa͒ Author to whom correspondence should be addressed. Electronic mail: eyoon@snu.ac.kr. tion and a three-reflection Ge analyzer crystal, yielding an angular divergence less than 30 arc sec. Film morphology and roughness were quantified using noncontact mode atomic force microscopy ͑AFM͒ in air with a Seiko Instruments SPA-400 scanning probe microscope with Si tips. Cross sectional transmission electron microscope ͑XTEM͒ analyses were carried out in a FEI F20 operated at 200 kV to examine the microstructure.
We grew the two heterostructures with different SiGeC growth conditions, resulting in different C incorporation behaviors. Although the total C contents of both samples, measured by secondary ion mass spectrometry, are the same with the value of 1.6Ϯ 0.2%, the substitutional C contents and thus the substitutionalities are different. For the samples grown with the SiGeC intermediate layer grown at 400°C, the majority of C is observed to be incorporated into substitutional sites. 12, 13 However, as the growth temperature is increased, the more C atoms are incorporated into interstitial sites. The substitutional C content in the SiGeC grown at 420°C is about 0.9Ϯ 0.02%, resulting in interstitial C incorporation of about 0.7Ϯ 0.2%. The detailed incorporation behavior in these samples is discussed in Ref. 12 . 14 Since surface diffusion is kinetically inhibited by the RTA process, the layer is relaxed mostly by the process of misfit dislocation generation. 11 The TEM image of the annealed sample with a SiGeC intermediate layer grown at 420°C in Fig. 3 shows that the misfit dislocations are observed near the interface between the Si substrate and the heterostructure. White arrows represent the misfit dislocations, and the black arrows indicate that the dislocation segments are aligned along the ͗112͘ direction, representing that the dislocation loops are piled up in a ͕111͖ plane. Doubly piled-up dislocations are also observed near the interface. Moreover, two-beam analysis confirms that both misfit dislocations and the doubly piled-up dislocation loops inside the Si substrate have 1/2͓101͔ Burgers vectors, implying that they are 60°dislocations. The presence of piled-up dislocations with the same Burgers vectors indicates the operation of a single dislocation source at the top of the pileup, and the doubly piled-up dislocation loops indicate that the layer is relaxed by the misfit dislocation generation promoted by the MFR mechanism. 9, 15, 16 Also, no defects, including threading segments, are found inside the SiGe/SiGeC/SiGe heterostructure in Fig. 3 . The threading dislocation density obtained by etch pit density using the Secco etch method is 6.5Ϯ 1 ϫ 10 5 cm −2 in the layers containing a SiGeC intermediate layer. The degree of relaxation is calculated by the HR-XRD rocking curve and HR-RLM. Figure 4 shows a HR-RLM measurement of the ͑113͒ reflection from the asdeposited and annealed heterostructures with the SiGeC intermediate layer grown at 400°C. For the as-deposited samples ͓Fig. 4͑a͔͒, HR-RLM shows negligible relaxation and small diffuse scattering, which implies high quality layer. However, after annealing ͓Fig. 4͑b͔͒, both the substrate and film diffraction peaks are broadened, revealing the increased surface and/or interface roughness and the increased mosaicity. In addition, the position of the layer peak is shifted along the axis, which is indicative of strain relaxation. R of the annealed sample is calculated to be 59% and 65% ͑Ref. 17͒ for the samples with the SiGeC intermediate layer grown at 400 and 420°C, respectively, whereas R of the reference sample is calculated to be 31%. The heterostructures with the SiGeC intermediate layer show higher degrees of relaxation compared to the heterostructures with the reference SiGe layer despite the fact that the reference SiGe layer is thicker and contains higher driving force toward strain relaxation. 6, 7 In order to identify the effect of C incorporation sites on SiGe relaxation, R and w are compared. The heterostructure with the SiGeC intermediate layer grown at 420°C shows a slightly higher degree of relaxation and lower surface roughness ͑R =65% and w = 0.66 nm͒ than the heterostructure with the layer grown at 400°C ͑R =59% and w = 0.80 nm͒. Figure 2͑d͒ shows the 1 m AFM line scans of the annealed heterostructures ͓Figs. 2͑a͒ and 2͑b͔͒ along the orthogonal direction across the cross hatch lines of the ͗110͘ direction. The degree of relaxation is related to the density and step height of the cross hatch pattern since it results from the misfit dislocation glides along ͕111͖ planes, which produce multiheight surface steps along the orthogonal ͗110͘ direction.
14 The densities of the cross hatch pattern and thus the R of annealed heterostructures with the SiGeC intermediate layer are much higher than those of the annealed reference SiGe layer. In addition, the AFM image of the reference SiGe layer shows anisotropic formation of cross hatch, indicating nonuniform relaxation. Moreover, we can find that the annealed heterostructure with the SiGeC intermediate layer grown at 420°C has a higher density of cross hatch pattern, which leads to higher R, with a lower step height than in the case of 400°C. We can infer that the sample with the SiGeC intermediate layer grown at 420°C has larger amounts of nucleation sites ͑such as the local lattice deformation and particulates͒ for dislocation network formation, which operate the MFR mechanism by the interaction between intersecting dislocations. 9, 15 Also, a smaller number of misfit dislocations are piled up at each MFR source because the activation energy to operate the MFR mechanism becomes unacceptably high 16 when the MFR sources become too close. Therefore, a high degree of relaxation and flat surface can be obtained by adjusting C incorporation sites in the SiGeC layer.
In summary, we show the effect of the C incorporation site on the relaxation of SiGe starting from atomically flat ͑w Ͻ 0.3 nm͒ and fully strained SiGe heterostructures, which include 10 nm thin SiGeC intermediate layers with and without interstitial C. By using RTA, an extremely smooth surface ͑w Ͻ 1 nm͒ can be obtained in all SiGe layers including the reference SiGe layer. However, a high degree of relaxation was obtained when SiGeC intermediate layers were used. Also we found that the sample with the interstitial C ͑R =65% and w = 6.6 nm͒ is more effective in both the relaxation and the suppression of roughening than without interstitial C. AFM images show the differences in density and step height of the cross hatch pattern, meaning different distributions of MFR sources. Therefore, it might be possible to optimize SiGe relaxation by adjusting C incorporation sites in SiGeC layers.
